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High endogenous calcium buffering in Purkinje cells from rat
cerebellar slices
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1. The ability of Purkinje cells to rapidly buffer depolarization-evoked intracellular calcium
changes (A[Ca2+]i) was estimated by titrating the endogenous buffer against incremental
concentrations of the CaP-sensitive dye fura-2.

2. In cells from 15-day-old rats, pulse-evoked A[Ca2+]i were stable during the loading with
0 5 mM fura-2 through the patch pipette. In cells from 6-day-old rats, A[Ca2+]i decreased by
-50% during equivalent experiments. This decrease was not related to changes in Ca2+
influx, since the integral of the Ca currents remained constant throughout the recording.

3. Experiments with high fura-2 concentrations (1-75-3-5 mM) were performed in order to
obtain for each cell the curve relating A[Ca2+]i to fura-2 concentration. From this
relationship, values for the Ca2+ binding ratio (the ratio of buffer-bound Ca2+ changes over
free Ca2+ changes) were calculated.

4. In Purkinje cells from 15-day-old rats, the Ca2P binding ratio was -2000, an order of
magnitude larger than that of other neurones and neuroendocrine cells studied to date. This
Ca2P binding ratio was significantly smaller (-900) in Purkinje cells from 6-day-old rats.

5. We propose that the large Ca2P binding ratio of Purkinje cells is related to the presence of
large concentrations of Ca2P binding proteins and that these cells regulate their ability to
handle Ca2+ loads during development through changes in the concentration of Ca2+ binding
proteins.

Rises in intracellular calcium concentration ([Ca2+]i) in
cerebellar Purkinje cells occur as a result of Ca2+ influx
through voltage-gated calcium channels (Llinais & Sugimori,
1980), Ca2+ release from inositol 1,4,5-trisphosphate-
sensitive intracellular stores (Khodakhah & Ogden, 1995
and references therein) and Ca2P-induced Ca2+ release (CICR)
(Llano, DiPolo & Marty, 1994). [Ca2+], rises in Purkinje cells
have been shown to have profound consequences for the
efficacy of synapses they receive from both excitatory
(Sakurai, 1990) and inhibitory inputs (reviewed by Marty &
Llano, 1995). The effective Ca2+ concentration detected by
Ca2+-regulated intracellular components will depend,
amongst other factors, on the ability of the Purkinje cell to
rapidly buffer Ca!+ rises. The Ca2P binding ratio, the ratio of
buffer-bound Ca2+ changes to free Ca2+ changes, describes
the effectiveness of endogenous buffers (Neher, 1995) and
thus the capacity of the cell to handle Ca!.+ loads. Purkinje
cells are known to have large concentrations of endogenous
buffers such as Ca2P binding proteins (reviewed by
Baimbridge, Celio & Rogers, 1992) which should endow
them with a high Ca2+ binding ratio. Obtaining a reliable
estimate of this parameter in Purkinje cells should give
insights into their mechanisms for Ca2+ homeostasis and into

the functional role of Ca2+ binding proteins. Extensive
theoretical analysis on the effects of exogenous buffers on
Ca2+ dynamics has been performed (reviewed by Neher,
1995). Furthermore, it has been shown in neuroendocrine
cells that the inclusion of Ca2P-sensitive probes in the intra-
cellular milieu can alter significantly the size, kinetics and
spatial distribution of Ca2+ signals (Neher & Augustine,
1992; reviewed by Neher, 1995). Until recently, little
attention has been paid to such problems in central nervous
system preparations. Therefore, it is difficult to decide on
their impact on the large body of data obtained with Ca2+-
sensitive probes in central neurones in general and in
Purkinje cells in particular. The present work aims at
providing an accurate estimate for the Ca2+ binding ratio in
these cells.

METHODS
Sagittal 180 ism thick cerebellar slices were prepared as previously
described (Llano, Marty, Armstrong & Konnerth, 1991) from rats
which were decapitated following cervical dislocation. Animals
from two age groups, 6 and 15 days old, were used in the present
work. Tight-seal whole-cell recordings (WCR) were performed on
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Purkinje cells at room temperature (20-25 °C). The chamber was
perfused at a rate of 1-1P5 ml min-' with a physiological saline
(bicarbonate-buffered saline; BBS) which contained (mM): 125 NaCl,
2-5 KCl, 2 CaC12, 1 MgCl2, 1P25 NaH2PO4, 26 NaHCO3 and
10 glucose (pH of 7 4 when equilibrated with a mixture of 95%
02-5% C02). Tetrodotoxin (200nM; Sigma) and the GABAA
receptor antagonist bicuculline methochloride (10 /M; Tocris
Cookson, Bristol, UK) were present in the extracellular solution
throughout the experiments. Recording pipettes (borosilicate glass)
had resistances of 2-2-5 MQ; they were filled with a Cs+-
containing internal solution (CsCl) of the following composition
(mM): 150 CsCl, 4-6 MgCl2, 10 Hepes acid, 0-4 GTP-Na and
4 ATP-Na2 (pH adjusted to 7-35 with N-methyl-D-glucamine;
osmolality was 295-300 mosmol kg-'; stored at -20 °C). Salts and
nucleotides for external and internal solutions were purchased from
Sigma. The K+ salt of fura-2 (Molecular Probes) was included in the
pipette solution at concentrations ranging from 0 5 to 3-5 mm. For
fura-2 concentrations of 0 5 mm, fura-2 was prepared as a 10 mM
stock, divided in 5 ,1u aliquots and kept at -20 'C. The internal
solution was added daily to an aliquot to reach the final
concentration. For higher concentrations of fura-2, 1 mg of fura-2
was dissolved directly in the internal solution and stored at -20 'C.
No difference in the experimental results was observed as a result
of the various batches of fura-2 used throughout this study.

Experiments were performed with an EPC-9 patch-clamp amplifier
interfaced to a Macintosh Power PC computer via an ITC-16
interface. The Pulse software (Heka Electronics) was used for
controlling the EPC-9 amplifier and the photometric set-up (see
below) as well as for on-line data acquisition. Seal formation was
achieved without prior cleaning of the neuronal surface, by
maintaining a slight positive pressure in the pipette while
approaching the cell. Under WCR, the membrane potential was
held at -60 mV. The series resistance (RJ) was continuously
monitored. Typical values for this parameter were 5-10 MQ.
Capacitance transient cancellation and R. compensation (60-90%
nominally) were performed as described (Llano et al. 1991).

Ca2+ measurements
A monochromator/photometric system from TILL Photonics
(Germany) was used for excitation and monitoring of fluorescence
signals. Excitation wavelengths (20 nm bandwidth) were alternated
between 356 nm (the isosbestic point for fura-2) and 390 nm. The
output of the monochromator was coupled to a Zeiss upright
microscope via a quartz fibre optic and a UV condenser. A 10%
transmission neutral-density filter (Omega Optical) was placed on
the excitation pathway in order to avoid dye bleaching. Measure-
ments were performed with a Zeiss x 63 water immersion lens (NA,
0 9). Fluorescence signals were collected after passing through an
LP470 nm filter and measured with a photomultiplier from a
square window of 20,um width centred either on the cell soma or on
the proximal dendritic arbor. This window was set by displacing a
variable size pin-hole placed in front of the photomultiplier, while
visually monitoring the area of choice with a back-illuminated
video camera.

Prior to seal formation, the background fluorescence of the area
chosen for recording upon excitation with 356 and 390 nm was
measured. The cell-attached configuration was held until the
background fluorescence at both wavelengths reached the value
obtained prior to approach with the recording pipette. Following
the establishment of WCR, voltage pulses to -10 mV were given at
30s intervals for the first 5-6 min of loading, and at 1 min
intervals thereafter while monitoring membrane current and the
fluorescence signal resulting from 390 nm excitation. Mean values

of the fluorescence at the isosbestic point were obtained from
100 ms exposures to 356 nm illumination immediately preceding
each voltage pulse.

Cal+ was calculated according to Grynkiewicz, Poenie & Tsien (1985)
after subtraction of background fluorescence. The parameters Rmin
(the fluorescence ratio in the absence of Ca2+), and Rmax (the
fluorescence ratio in the presence of saturating Ca2P) were 0-66 and
8, respectively. The 'apparent' dissociation constant of fura-2 (Kc)
was 1-4,M. (This constant is Kd X Sf2/Sb2' in the notations of
Grynkiewicz et al. 1985.) These values were derived from WCR of
Purkinje cells performed with three calibrating solutions as
described by Neher (1989). The composition of these solutions was
as follows (mM): (a) for measurement of Rmin: 120 CsCl, 10 Hepes
acid, 10 BAPTA, 4-6 MgCl2, 4 ATP-Na2 and 0 4 GTP-Na; (b) for
measurement of Rmax: 130 CsCl, 10 Hepes acid and 10 CaCl2; and
(c) for calculation of Kc: 110 CsCl, 10 Hepes acid, 9 9 BAPTA,
6-6 CaCl2, 4-6 MgCl2, 4 ATP-Na2 and 0 4 GTP-Na. For the three
solutions pH was adjusted to 7-35 with CsOH, and the osmolality
was 296 mosmol kg-'. The Ca!+-BAPTA Kd was assumed to be
225 nm, after Zhou & Neher (1993). The fura-2 Kd, calculated as
described by Zhou & Neher (1993), was 226 nm.

Determination of COa2 binding ratio
In the following analysis, based on the 'added' buffer approach
introduced by Neher & Augustine (1992), it is considered that the
incremental Ca2P binding ratio (K') iS the ratio of the changes in
CaP+ bound to an endogenous buffer (S) ([CaS]) over free CaP+
([a+],):

K A[CaS] (1)

In our experimental conditions, where an external Ca2+ buffer (F) is
added to the cytosol, the total Ca2P concentration change (A[Ca2+]T)
is given by:

A[Ca2+]T = A[Ca2+]i + A[CaF] + A[CaS]. (2)
A total Ca2+ binding ratio (R) may be defined by analogy to eqn (1)
as:

R A[CaP]T [Ca? ]Tp - [Ca+lTr3
A[ca!+]- [Ca2+]ip- [Ca2+]ir

where the indices p and r relate to the peak and resting conditions,
respectively, for a depolarization-evoked increase in Ca2+.
Combining eqns (1), (2) and (3) yields:

R=K' +K'CB + 1, (4)
where C'B, the incremental Ca2+ binding ratio for fura-2 (as defined
in eqn (10) of Zhou & Neher, 1993) is given by:

A[CaF] [F]/[Kd]
A[Ca] - (1 + [CaW]ip/[Kd]) (1 + [Ca ]ir/[Kd) (

where Kd is the dissociation constant of fura-2 for Ca2+. From
eqn (3) and assuming constant A[Ca2+]T during the experiment, the
ratio between the A[Ca2+], measurements at two fura-2
concentrations is:

(6)

where indices 1 and 2 refer to the two fura-2 concentrations.
Combining eqns (4), (5) and (6) yields an expression for ics:

(A[Ca2 ]12(Kj2 + 1)) - (A[Ca211Q(K'l + 1)) 7

(A[Ca2+]1 - A[Ca2+]i2)
In order to determine K'8 values from experiments in which A[Ca2+],
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A[C2]j=i +[CaK ]ir + K+[]Kr)(1 + K) [C2+]io)
(Kd1+ ,

+ ' [ (Kd + + K ) A[Ca ]jo + A[Ca2+]iO(Kd + [Ca2+]i))

Equation (8)

was monitored in single cells as a function of the fura-2
concentration, eqn (7) was solved explicitly in terms of A[Ca2+]i and
[F], the experimental variables. This solution assumes that the
resting Ca2+ ([Ca2+]ir) remains constant throughout the experiment,
an assumption warranted by the data. The solution is given by
eqn (8). In eqn (8), A[Ca2+]io is the extrapolated value of A[Ca2+]i at
zero fura-2 concentration. Equation (8) was used for estimatingK-
and A[Ca2+]10 values from each experiment in cells loaded with high
fura-2 concentration.

Statistical data are presented as means + S.E.M.

RESULTS
In previous work, it was shown that depolarization-induced
Ca2i signals are similar in Purkinje cells dialysed with
50-125 /tM and with 500 ,um fura-2 (Llano et al. 1994). We
have now extended this analysis by performing experiments
in which Ca2+ transients elicited by 40 ms depolarizations to
-10 mV were monitored in Purkinje cells, at high
concentrations of fura-2 (0 5-3 5 mM; to be given explicitly
for each set of experiments) diffused from the pipette
solution into the cytosol. The duration of the voltage step
was chosen to avoid entering the range of Ca2+ levels in
which CICR takes place in Purkinje cells (Llano et al. 1994).

The first series of experiments was carried out with 0 5 mm
fura-2, in slices prepared from 15-day-old rats. Typical
examples of the pulse-evoked Ca2+ transients at two
different times in WCR are shown in Fig. 1, where panels A
and B correspond to somatic and dendritic recordings of the
fluorescence signals, respectively. In both cases, the time
course as well as the magnitude of the pulse-evoked Ca`+
transients are quite similar in the early (upper traces) and
later (lower traces) periods of the WCR trace, indicating
that 0 5 mm fura-2 leads to little attenuation of the Ca2+
signals. Pooled data on the effect of 0 5 mm fura-2 from ten
somatic recordings and six dendritic recordings are shown
in Fig. 2 (see Discussion).

The interpretation of the effects of fura-2 loading on Ca2+
rises could be complicated if fura-2 binds to cytoplasmic
components as shown in skeletal muscle (Baylor &
Hollingworth, 1988) and cardiac cells (Blatter & Wier, 1990)
or if it is extruded by active transport systems, as reported
for macrophages (Di Virgilio, Steinberg, Swanson &
Silverstein, 1988). As discussed by Neher (1995), binding of
CaP-sensitive dyes to cytoplasmic proteins seems to be a

particular property of muscle, where the dye's dissociation
constant in vivo differs by a factor of 4 from that found in
vitro (Baylor & Hollingworth, 1988). In our case, the fura-2

Kd calculated from calibrations in Purkinje cells (see
Methods) was close to in vitro values, as has been described
for chromaffin cells (Zhou & Neher, 1993), arguing against
fura-2 binding to cytoplasmic components.

In order to test for possible extrusion of fura-2 from the
cytoplasm by probenecid-sensitive active anion transport
(Di Virgilio et al. 1988), probenecid (2-5 mM) was applied in
the bath solution after a stable fura-2 concentration had
been reached (data not shown). An increase in the 356 nm
excited fluorescence after probenecid application was

observed if Rs exceeded 10 MQ, indicating the presence of
probenecid-sensitive extrusion in Purkinje cells. However,
the effect was negligible if Rs was less than 10 MQ.
Therefore, all experiments reported here used Rs values
below 10 MQ. The low activity of this anion transporter in
our experiments may be attributed to the condition of room
temperature which markedly decreases probenecid-sensitive
extrusion (Malgaroli, Milani, Meldolesi & Pozzan, 1987).

In a second series of experiments, Purkinje cells from
15-day-old rats were dialysed with 3-5 mm fura-2, and
studied following the same protocol described above for the
lower fura-2 concentration. Figure 2 compares pooled data
on the changes in depolarization-induced somatic and
dendritic Ca2+ transients (A[Ca2P]i) obtained from Purkinje
cells from 15-day-old rats dialysed either with 0 5 mm (El) or
with 3-5 mm fura-2 (0). The behaviour of A[Ca2+]i with time
in WCR differed significantly depending on the amount of
added exogenous buffer. In contrast to the stable magnitude
of the depolarization-induced CaW+ transients in cells
dialysed with 0 5 mm fura-2, both somatic and dendritic
signals declined with time during dialysis with 3-5 mM
fura-2 resulting in mean values of A[Ca2+]i at times of stable
fura-2 loading normalized to the values at the earliest time
of recording of 0 3 + 0 03 for somatic recordings (n = 7)
and 0 16 + 0 05 for dendritic recordings (n = 4). In the
initial 3 min of WCR, basal Ca21+ levels were close in all four
experimental groups (for soma: 21-5 + 1'6 nm (n = 10) and
30 3 + 4 nM (n = 7) with 0 5 and 3-5 mM fura-2,
respectively; for dendrites: 10 + 2 nm (n = 6) and
22-5 + 5-8 nm (n = 4) with 0 5 and 3-5 mm fura-2,
respectively). The basal level did not show appreciable
changes with time in WCR (mean values for the same cells
at 15-17 min of WCR were for soma: 13-9 + -1 2 and
20-4 + 5-1 nm with 0 5 and 3 5 mm fura-2, respectively;
and for dendrites: 9 + 1-2 and 30 3 + 8X1 nm with 0 5 and
3-5 mm fura-2, respectively). Likewise, the A[Ca2+]i values
at early times in WCR was similar for both fura-2

(8)
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concentrations tested, their absolute magnitude being
approximately 7-fold larger in dendrites (156 + 44 nm,
n= 6 for the 05 mAii group; 223 + 56 nM, n= 4 for the
3-5 mm group) than in the soma (32 + 5 nM, n= 10 in the
0 5 mm group; 22 + 3, ii = 7 for the 35 mM group).

A a

80

60

40-
cm

20

0O

b

80 -

60 -

S
c

al0o
40-

20-

Soma, 0-5 mM fura-2

0-5 min WCR

Before advancing a quantitative analysis of the data
presented above in terms of the ability of the Purkinje cell's
endogenous buffers to bind Ca2+, the question arises as to
whether the observed decline of A[Ca2+]i in cells loaded with
3-5 mM fura-2 is due to the effect of added exogenous buffer
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Figure 1. Lack of effect of 0 5 mm fura-2 in somatic and dendritic CaW+ transients of Purkinje
cells from 15-day-old rats
A, somatic Ca"+ transients evoked by a 40 ms pulse to -10 mV at 0 5 min (a) and 18 min (b) after
establishment of whole-cell recording (WTCR). B, dendritic Ca2+ transients evoked in a different cell by a
40 ms pulse to -10 mV, at 2 min (a) and 21 min (b) in W"CR. In both cases, the pipette solution contained
0 5 mm fura-2. In this and subsequent experiments, the holding potential was -60 mV. C and D illustrate
the loading curves for fura-2 for the 2 cells show-n in A and B; the ordinate corresponds to the fluorescence
signal upon 356 nmn excitation (F356). The experimental points have been fitted by double-exponential
functions. Fitting parameters for the time constants (T) and the amplitude coefficients (A) were: Ta 18 s;
Aa, 0-25; Tb, 4-4 min; Ab, 3*7 in C; and Ta,2-7 min; Aa, 2-3; Tb, 15 min; Ab, 1-4 in D.
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or to a time-dependent decline in Ca2P influx. This point
cannot be easily tested in Purkinje cells from 15-day-old
rats, since the time constant for changing the membrane
potential during a voltage step is slow compared with the
gating kinetics of Ca2+ channels, rendering the recording of
well-behaved Ca2+ currents impossible. The problem is
circumvented in Purkinje cells from younger rats (less than
9 days old), where passive electrical properties (as inferred
from the single-exponential nature of the capacitive
transients) can be approximated well by a single R-C circuit
with a time constant of the order of 0G4 ms, corresponding
to membrane input capacitance of the order of 70 pF. In
these cells, after appropriate capacitive cancellation and R.
compensation, the voltage-clamp time constant is less than
100 ,ss, thus allowing a faithful recording of voltage-gated
Ca2+ currents (see Llano et al. 1994 and Fig. 3A).

Fura-2 loading experiments were performed in Purkinje
cells from 6-day-old animals with the purposes of testing for
(a) the stability of Ca2P currents during the long recording
times used in the fura-2 loading experiments and
(b) developmental changes in K's. An example of these
experiments from a cell dialysed with 1-75 mm fura-2 is
illustrated by Fig. 3. Traces in Fig. 3A show the Ca2+
currents and the corresponding somatic Ca!+ transient
recorded at 1 and 8 min of WCR. Figure 3B shows plots for
the same cell of A[Ca2+]i and of the integral of the Ca2+
current (fIca) as a function of time. fICa was very stable
during WCR. On avTerage, the ratio of fIc0 at times of
maximum loading (9-13 min WCR) to that at early WCR
(0 5-1P1 min) was 0-88 + 0 05 (n = 5). Mean values of JICa
were 221 + 43 pC for early WCR times and 194 + 41 pC at
maximum fura-2 loading times. No difference was observed
either in the absolute magnitude of fIca or in its stability

during WCR depending on the amount of fura-2 used in the
recordings (0 5-3 5 mm, see data below). These results
validate the use of fura-2 as an exogenous buffer for
determinations of K's in Purkinje cells.

In spite of the stability of the Ca2P currents, and in contrast
to the results derived from cells from 15-day-old rats, a
significant decrease in somatic A[Ca2P], as a function of time
was observed in cells from 6-day-old rats when loaded with
0 5 mM fura-2. In five cells, the ratio of A[Ca2+]i in late
times in WCR to that at early times in WCR was
0 53 + 0 03 (the equivalent ratio for the 0 5 mm 15-day-old
group was 1-41 + 0-2, n = 10). Figure 3C shows pooled
results from this age group which present a clear time-
dependent decrease in A[Ca2+]i as fura-2 (0 5 and 1-75 mM;
see below) diffuses into the cells. Data has been normalized
by the fIc, These results suggest that the K's of Purkinje
cells increases with age, which could have significant
implications for the effective Ca2+ loads perceived by
cytosolic constituents following Ca2+ rises. Also in support
of this hypothesis is the fact that the magnitudes in
depolarization-induced somatic A[Ca2+]i at early WCR times
were significantly larger for slices from 6-day-old rats
(144 + 16 nM (n = 5) with 0 5 mM fura-2) than from the
equivalent experiments in slices from 15-day-old rats
(32 + 4.9 nM (n = 10) with 0 5 mm fura-2).

In order to estimate K's, experiments using either 3 5 mM
(cells from 15-day-old rats) or 1-75 mm fura-2 (cells from
6-day-old rats) were further analysed. A lower fura-2
concentration was used in the younger cells since initial
experiments done with 3-5 mm showed that such
concentration was too high to allow accurate estimates of K's
to be performed. With 1-75 mm, it was found that the
A[Ca2P]i decreased from 109 + 22 nm at early times of
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Figure 2. Comparison of the effect of 05 and 3-5 mm fura-2 in [Ca2+]i transients of Purkinje cells
from 15-day-old rats

A, temporal evolution of the somatic pulse-evoked [Ca2+]i transients. In each experiment, the difference
between peak Ca!i+ and resting Ca2+ was calculated for each time point, to yield A[Ca2+]1. The ordinate
corresponds to the mean A[Ca2+]i from 10 cells loaded with 0 5 mm fura-2 (0) and 7 cells loaded with
3.5 mm fura-2 (0). B, temporal evolution of the dendritic pulse-evoked Ca2j transients. Same experimental
and analysis protocol as in A. n = 6 in 0 5 mm fura-2 and n = 4 in 3-5 mm fura-2.
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WCR to 32 + 7-6 nM at times of stable fura-2 loading
(n = 5; see plot of pooled data in Fig. 3C). The average ratio
of A[Ca2P], at late to early times was 0-29 + 0X02, a value
close to that obtained by loading Purkinje cells from
15-day-old rats with double the fura-2 concentration and
thus in agreement with the suggestion that K's is larger in
the older cells.

The changes in A[Ca2+]i during the loading with fura-2 were
used to calculate K's according to eqn (8) (see Methods) from
each experiment. Loading curves for the fluorescence signals
elicited by 356 nm excitation were constructed for each cell
and the data was translated into fura-2 concentration as a
function of time, as shown by the examples in Fig. 4 (lower
panels). The A[Ca2+], was then plotted as a function of
fura-2 concentration (Fig. 4, upper panels) and eqn (8) was
fitted to the data in order to obtain values for K's and for the
extrapolated value of A[Ca2+]i at zero fura-2 concentration
(A[Ca2+]io). The resulting fits are shown as continuous lines

A

in Fig. 4A and B. Following this procedure, K's values of
919 + 99 (n = 5) for the 6-day-old group and 2059 + 482
(n = 6) for the 15-day-old group were obtained. Values for
A[C2+]Io were 190 + 14 and 58 + 12 nm for the two groups,
respectively. A rough estimate of K's was also obtained from
dendritic recordings of cells from 15-day-old rats, by
comparing pooled values of A[Ca2+]i from several cells at
times of stable loading with 0 5 (6 cells) and 3-5 mm (4 cells)
fura-2, as in Llano et al. (1994). The estimated K'S was 2129,
similar to that obtained from somatic recording at the same
age.

DISCUSSION
The data presented here clearly indicate that the Ca2P
binding ratio of Purkinje cells is large compared with the
estimates reported to date for a variety of mammalian
neurones and neuroendocrine cells. Values for K's in
neuroendocrine cells range from 40 in adrenal chromaffin
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cells (Zhou & Neher, 1993) to 100-130 in other preparations
such as gonadotrophs (Tse, Tse & Hille, 1994), melanotrophs
(Thomas, Surprenant & Almers, 1990) and GH3 cells (Lledo,
Somasundaram, Morton, Emson & Mason, 1992). Evidence
for low K's in mammalian neurones stems from the changes
produced by the addition of exogenous buffer in calcium
transients and calcium-regulated electrical signals recorded
from soma, dendrites and presynaptic terminals in a variety
of preparations (reviewed by Regehr & Tank, 1994; Borst,
Helmchen & Sakmann, 1995; Regehr & Atluri, 1995). Using
the addition of exogenous buffer to estimate K's, values of
-174 were obtained for neurohypophysial nerve endings
(Stuenkel, 1994), and of - 126 for neurones from the nucleus
basalis (Tatsumi & Katayama, 1993). Recently, Helmchen,
Imoto & Sakmann (1996) reported K's values in the range of
100-135 for cortical layer V pyramidal cells and of 168-207
for hippocampal CAl pyramidal cells. For Purkinje cells at
comparable ages, we find a value an order of magnitude
higher.

At the source of the striking contrast between Purkinje cells
and other neuronal types may be the finding, derived from a
large number of immunocytochemical studies, that several
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types of Ca2+ binding proteins are more abundant in
GABA-releasing neurones, including Purkinje cells, than in
glutamate-releasing neurones (reviewed by Baimbridge et al.
1992). Mean intracellular concentrations of parvalbumin of
45/M have been reported for the cerebellar cortex
(Plogmann & Celio, 1993) and estimates for the
concentration of this protein in Purkinje cells are in the
order of 50-100 /M for soma and dendrites and as high as
1 mm for their axons (Kosaka, Kosaka, Nakayama,
Hunziker & Heizmann, 1993). Other Ca2P binding proteins
such as calbindin D28k and calcineurin are also known to be
abundant in Purkinje cells (Heizmann & Hunziker, 1991).
Although quantitative data on their intracellular concen-
tration is not available, it has been suggested that calbindin
D28k is present at still higher concentrations than parv-
albumin. If we assume that, at 15 days old, the total K'S of
2000 is dominated by parvalbumin and calbindin D28k, we
can obtain an upper limit for the concentration of calbindin
D28k in Purkinje cells. Taking the parvalbumin concentration
to be 100 /M, its Kd for Ca2+ as 0-6 #M and two Ca2+
binding sites per parvalbumin molecule, the contribution of
parvalbumin to K's would equal 330. If the remaining Ca2+
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J Phy8iol.496.3 623

1



624 L. Fierro and I. Llano J Physiol. 496.3

binding is given by calbindin D28k, with a Kd for Ca2+ of
0-5 uM and four Ca2+ binding sites per calbindin molecule,
the concentration of this protein would be around 210 /M.

The second finding of the present work is that the capacity
of Purkinje cells to buffer CaW+ is subject to developmental
changes. Of particular interest to this result is the finding
that the amount of mRNA coding for calbindin as well as
the number of expressed protein molecules, increases
during the time window of the present study (Iacopino,
Rhoten & Christakos, 1990; Kurobe, Inaguma, Shinohara,
Semba, Inagaki & Kato, 1992). Peak levels of calbindin and
calretinin expression are reached around 60 days postnatal,
and remain high up to old age (Villa, Podini, Panzeri,
Racchetti & Meldolesi, 1994). Data on developmental changes
in parvalbumin are not available for the cerebellar cortex,
although there is evidence for an age-dependent increase of
this protein in the monkey striated cortex (Hendrickson,
Van Brederode, Mulligan & Celio, 1991). These results and
the data here reported suggest that rat cerebellar Purkinje
cells regulate their ability to handle CaW+ loads during
development by increasing the expression of calbindin D28k
and perhaps that of other Ca2+ binding proteins.

The role of these proteins in Ca!+ buffering is supported by
a variety of biochemical and electrophysiological data
(Table II, Schiifer & Heizmann, 1996 and references therein).
The amplitude and decay time course of depolarization-
evoked [Ca2+], transients are significantly altered in sensory
neurones by the addition, via patch pipettes, of calbindin
D28k and of parvalbumin (Chard, Bleakman, Christakos,
Fullmer & Miller, 1993) and, in GH3 cells, by transfection
with calbindin D28k (Lledo et al. 1992). In the supraoptic
nucleus, phasically firing neurones change their firing pattern
from phasic to continuous upon dialysis with calbindin,
whereas continuously firing neurones turn to phasic firing
when dialysed with anti-calbindin antiserum (Li, Decavel &
Hatton, 1995). In hair saccular cells, high concentrations of
Ca2+ binding proteins have been suggested to play a key role
in the spatial buffering of Cai+ signals, thereby regulating
the encoding of sensory information (Roberts, 1994).

The exact role of the powerful Ca2+ buffering of Purkinje
cells and its potential relation to the cellular changes which
take place during early postnatal development remain to be
determined. During the first three postnatal weeks
Purkinje cells in rodents grow rapidly and develop their
characteristic dendritic arborization. The entire cerebellar
cortex undergoes intensive synaptogenesis, as numerous
synaptic contacts are established onto Purkinje cells by
excitatory and inhibitory afferents (Larramendi, 1969). The
firing rate of Purkinje cells, studied in vivo , has been
reported to increase throughout this period (Woodward,
Hoffer & Lapham, 1969). Changes in ionic conductances are
likely to accompany the growth and synaptogenesis of
Purkinje cells. It has indeed been shown that 1 day after
birth the spiking pattern of Purkinje cells is dominated by
voltage-gated Na+ currents, whereas voltage-gated Ca2+
conductances appear 3-4 days postnatal, paralleling the

development of dendritic processes (Llina's & Sugimori,
1979). It is tempting to speculate that the development of
high Ca2P-buffering capacity by Purkinje cells during the
first two postnatal weeks might serve to handle increasing
Ca2+ loads due to bombardment by newly formed excitatory
synaptic contacts and the subsequent activation of voltage-
gated Ca2P channels.
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